The filamentous fungus Neurospora crassa, with a sequenced 40-Mb genome (31, 52) , is an outstanding eukaryotic model for all aspects of the biosciences, with numerous molecular genetics tools available (19) . So-called RIPing (repeat-induced point mutation), which is an effective defense against duplicated sequences, is commonly used to achieve gene disruption (8, 74) . Overall, N. crassa has been vastly used in mitochondria research, such as studies of the protein import machinery (2, 43, 75) .
The standard oxidative phosphorylation (OXPHOS) system is composed of the four major respiratory chain complexes and the F O F 1 -ATP synthase (complex V) and is responsible for most of the cellular ATP production. Research on complex I (NADH:ubiquinone oxidoreductase), the largest and most intricate OXPHOS component, has taken on greater significance since many human mitochondrial diseases involve structural and functional defects of this enzyme complex (reviewed in references 30 and 42) . Contradicting the predominant view (35) , the respirasome model was introduced based on the results by blue native polyacrylamide gel electrophoresis (BN-PAGE) of efficiently but mildly solubilized bovine heart mitochondria that led to the separation of high yields of stoichiometric respiratory supercomplexes and of ATP synthase dimers (67, 68) . In line with the ancient "solid-state model" (13) , this model postulates the quantitative assembly of the I, III, and IV respiratory complexes into two different supercomplexes, I 1 III 2 IV 4 and III 2 IV 4 , occurring in a 2:1 ratio. Furthermore, the complexes I, III, and IV are present in a 1:3:6 stoichiometry (37, 68) . In fact, the analysis of digitoninsolubilized mitochondria, isolated from fresh bovine heart, by a particular gentle colorless native PAGE (CN-PAGE), recovered nearly all of the I, III, and IV complexes as supercomplexes and most of the ATP synthases as dimers and higher oligomers (46, 48) . Likewise, specific respiratory supercomplexes were detected by similar approaches in mitochondria of various eukaryotes (15, 26, 27, 45, 47, 61, 62, 64, 71, 94, 97, 98) , including the filamentous fungus Podospora anserina (45) , as well as in bacteria (79) . Recently, the first single particle structures of respiratory supercomplexes were determined (24, 39, 66) , and several other important studies by the bioenergetics/ mitochondrial community have supported the respirasome model (1, 6, 10, 18, 21, 49, 56, 62, 85, 86, 88, 96) . However, the functional significance of respiratory supercomplexes, including their enzymatic advantages, is still poorly documented. Since these supercomplexes represent assemblies of sequential enzymes, substrate channeling has been proposed (67) , which is plausible in theory but difficult to prove experimentally (77) . Accumulating evidence from the investigation of mutants and in human patients, with specific assembly defects of a single respiratory complex, suggests that complexes III and IV are involved to various extents in the assembly/stabilization of complex I in mammals (1, 7, 18, 21, 56, 71) . In contrast, the absence of complex I in mitochondria of human patients (71) and plants (60, 62) was found not to reduce the abundance of the other OXPHOS complexes. However, site-directed mutations of the NDUFS2 (49-kDa subunit) and NDUFS4 (18-kDa AQDQ; homologue of the 21-kDa subunit of N. crassa) genes in human patients (85) and the gene encoding the 51-kDa subunit homologue in Caenorhabditis elegans (32, 33) were reported to reduce the amounts of both assembled complex I and of complex III (85) or complex IV (32, 33) , respectively.
The molecular details of complex I biogenesis are far from elucidated. However, and in contrast to human complex I (3, 86, 91) , a modular assembly pathway of the peripheral and membrane arms has been described in N. crassa (84) . This is at least partially due to the existence of a comprehensive collection of complex I mutants in N. crassa (reviewed in references 55 and 89), which only exists because the fungus possesses several alternative NADH dehydrogenases (12, 55, 89) . To unravel the molecular details underlying the formation of respiratory supercomplexes and their functional significance, we analyzed the steady-state supramolecular organization of the OXPHOS machinery of wild-type and eight complex I deletion mutants of N. crassa using BN-and CN-PAGE. For the first time, putative complex I dimers could be detected as components of the standard respiratory chain in a filamentous fungus. In addition, we provide evidence showing that I-III-IV supercomplexes have nonrespiratory relevance, since the inactive complex I of nuo51 is assembled into supercomplexes like those found in wild-type mitochondria as well as in the nuo21 and nuo29.9 mutants. Furthermore, digitonin-stable ATP synthase dimers and III-IV supercomplexes were also present in all strains studied. In two-dimensional (2D) BN-sodium dodecyl sulfate (SDS) gels of complex I deletion mutants lacking a membrane arm subunit, considerable amounts of total 30.4-kDa subunit comigrated with III-IV supercomplexes and/or the prohibitin complex, suggesting a putative interaction with them or other nonidentified assembly factors.
MATERIALS AND METHODS
Strains and isolation of crude mitochondria. The wild type, 74-OR23-1A (74A), and eight mutant strains of N. crassa (nuo 9.8, nuo11.5, nuo14, nuo20.8, nuo21, nuo29.9, nuo30.4, and nuo51) were investigated in this study. Crude mitochondria of these strains were prepared as described elsewhere (93) using slight alterations. Mycelium was grown in 1ϫ liquid Vogel's medium supplemented with 1.5% of sucrose for 16 to 18 h, whereas some mutant strains required 20 to 24 h of growth at 26°C with shaking. The mycelium was separated from the culture medium by filtration through a layer of cheesecloth. All steps described afterwards were done at 4°C. The mycelia were disrupted mechanically in a buffer containing 0.44 M sucrose, 30 mM Tris-HCl (pH 7.4), 2 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride. Then, cell debris, nuclei, and mycelia were removed by centrifuging twice at 2,000 ϫ g for 5 min. The pellet was discarded, while the supernatant was centrifuged at 20,000 ϫ g for 45 min. The crude mitochondrial pellet obtained was suspended in the same washing buffer and centrifuged at 31,000 ϫ g for 20 min. Finally, the mitochondrial pellet was suspended in the same buffer. After isolation, the crude mitochondria were frozen as aliquots in liquid nitrogen and stored at Ϫ80°C until use.
Electrophoretic techniques. Digitonin and n-dodecylmaltoside (DDM) were of a high-purity grade from Calbiochem Merck Biosciences GmbH, and Triton X-100 of high-purity grade was purchased from Roche Diagnostics GmbH.
Mitochondria were thawed on ice and centrifuged at 10,000 ϫ g for 5 min. The pellet was suspended in the solubilization buffer containing 50 mM NaCl, 50 mM imidazole-HCl (pH 7.0), 10% glycerol, and 5 mM 6-aminocaproic acid (final concentration). Mitochondria from N. crassa strains were solubilized with digitonin using a detergent/protein ratio of 3.5 g/g or with Triton X-100 or DDM using a detergent/protein ratio of 1.5 to 3 g/g at a final detergent concentration of 1% by adding a freshly prepared 10% detergent solution. The samples were incubated for 30 min on ice followed by centrifugation at 20,800 ϫ g for 10 min. Each lane was loaded with the extract from mitochondria containing 150 g (for in-gel activity), 300 g (for 2D SDS-PAGE), or 400 g (for 2D BN-PAGE) of protein before solubilization which was assessed by Bradford assay. For BN-PAGE and CN-PAGE, linear 3 to 13% gradient gels overlaid with a 3% stacking gel were used in a Hoefer SE 600 system (18 by 16 by 0.15 cm 3 ) (40, 69, 72) . CN-PAGE was performed according to the methods of Schägger et al. (72) , omitting Coomassie blue dye in the cathode buffer and without the addition of detergent in the gel (46, 61) . The apparent molecular masses of the OXPHOS complexes and their supercomplexes were calibrated to digitonin-solubilized bovine heart mitochondria (67) applied to the same first-dimension BN gel as earlier described (45, 47, 64) . The supercomplexes were assigned according to their subunit compositions and apparent molecular masses. Lanes from the first-dimension BN-PAGE or CN-PAGE were then excised and used for a second-dimension 13% SDS-PAGE (64) or, alternatively, for a second-dimension 3 to 20% BN-PAGE with the addition of 0.02% (wt/vol) DDM to the cathode buffer (67) . Strips used for second-dimension SDS-PAGE were incubated in a solution containing 1% SDS and 1% mercaptoethanol for 2 h at room temperature. The first-dimension gels and 2D BN gels were Coomassie blue R-250 stained, whereas the 2D SDS gels were stained with silver nitrate (64) or SYPRO Ruby (Bio-Rad), respectively.
In-gel activity assays were performed as described elsewhere (45, 47, 48 ) using the addition of potassium cyanide as specific inhibitor to detect stained bands specific for complex IV, as well as comparative deamino-NADH dehydrogenase in-gel activity specific for complex I in parallel BN gels.
In-gel digestion, MALDI-TOF-MS, and bioinformatics. Proteins were excised from second-dimension SDS gels and subjected to in-gel digestion by overnight trypsin (Promega) incubation at 37°C. Desalination was achieved using -C18 Zip-Tips (Millipore) by peptide elution from the tips onto a matrix-assisted laser desorption ionization (MALDI) sample target using 5 mg/ml 4-hydroxycinnamic acid in 50% acetonitrile-0.1% trifluoroacetic acid. Peptide samples were analyzed by MALDI-time of flight mass spectrometry (MALDI-TOF-MS) peptide mass fingerprint analysis (Applied Biosystems Voyager-DE PRO) as described elsewhere (64, 65) .
The peptide mass lists were matched against the fungi database subset from the NCBInr database using the MASCOT search engine (www.matrixscience .com). The search included one possible missing cleavage site as well as possible methionine oxidation and cysteine derivatization by acrylamide (Cys-S-␤-propionamide) with a maximal MS error tolerance of 30 to 90 ppm. The probability score calculated by the software was set to be higher than 58 (P Ͻ 0.05) as the criterion for correct identification. Furthermore, the spot position and its apparent mass in the second-dimension gel had to be in line with the calculated physical data of the protein found in the database and literature search. Prediction of transmembrane domains was according to the TMHMM program (http: //www.cbs.dtu.dk/services/TMHMM-2.0/), and the molar mass, pI, and the grand average of hydropathicity (GRAVY) were calculated using the Protparam tool (us.expasy.org/tools/protparam.html) as described elsewhere (64) .
Western blotting technique. After 2D BN-SDS-PAGE, proteins were electrotransferred onto a polyvinylidene difluoride membrane, purchased from BioRad, using the semidry method. The Whatman paper was soaked in blotting buffer (anode, 300 mM Tris, 100 mM Tricine, pH ϳ8.7; cathode, 300 mM 6-aminocaproic acid, 30 mM Tris, 0.05% SDS, pH ϳ9.2). The membranes were preincubated in methanol and then in anode blotting buffer, and the gels were washed in cathode blotting buffer. 2D SDS gels were blotted for 2 h at maximal settings of 400 mA and 25 V. After transfer, membranes were treated according to the methods of Towbin et al. (83) and incubated overnight with polyclonal antibodies against the 30.4-, 20.8-, 14-, 11.5-, and 9.8-kDa subunits of N. crassa complex I. Proteins were detected with alkaline phosphatase-conjugated secondary antibodies.
RESULTS
Supramolecular organization of N. crassa wild-type respiratory chain complexes. To analyze the role of complex I in the supramolecular organization of the OXPHOS system in N. crassa, proteins from crude wild-type mitochondria were solubilized with 3.5 g digitonin/g protein and further separated using 2D BN-SDS-PAGE and BN/BN-PAGE. These analyses revealed characteristic subunit patterns of protein complexes and the individual complexes that form the supercomplexes, respectively (Fig. 1A) in line with in-gel activity staining of BN gels like that of cytochrome c oxidase ( Fig. 1A ; see also below). In addition, 31 subunits of all five OXPHOS complexes in 2D BN-SDS gels were identified by MALDI-TOF-MS ( Fig. 2 ; Table 1 ), corroborating the assignment of OXPHOS complexes and supercomplexes as described below.
In line with results from mammalian, plant, and P. anserina mitochondria (45-48, 67, 68) , large amounts of large respiratory supercomplexes comprising complexes I, III, and IV (I 1 IV 1 , I 1 III 2 , and I x III y IV z ) as well as the smaller ones (III 2 IV 1 and III 2 IV 2 ) were found (Fig. 1) . The supercomplex I 1 IV 1 has essentially the same apparent mass as dimeric ATP synthase (V 2 , ϳ1,250 kDa), whereas the supercomplex III 2 IV 2 runs slightly faster. The small supercomplex I 1 IV 1 , indicating a direct complex I-IV interaction, has only been previously found in bovine heart mitochondria by native electrophoresis (46, 48, 67) . The two largest I-III-IV supercomplexes had mobilities similar to that of the ketoglutarate dehydrogenase complex (ϳ2,800 kDa) ( Fig. 2 ; Table 1), suggesting compositions like I 1 III 2 IV [5] [6] . Comparable supercomplexes with molecular masses up to 3,300 kDa were also observed in 2D BN-SDS gels of digitonin-solubilized mitochondria isolated from fresh bovine heart (40, 46, 48) . About half of the total ATP synthase was recovered as dimers (V 2 ), as for digitonin-solubilized Podospora wild-type mitochondria (45) . Another observation was the reduced mobility of individual dimeric complex III (III 2 ) migrating nearly at the same position as monomeric ATP synthase with an apparent molecular mass of ϳ600 kDa, confirming the results described for Podospora (45) . This is In both panels, results are shown for in-gel activity of COX (upper panels) and subsequent 2D SDS-PAGE (silver stained) to resolve the subunits of all OXPHOS complexes and their supercomplexes (middle panels) and 2D BN-PAGE (Coomassie stained) with 0.02% DDM in the cathode buffer to dissociate the OXPHOS supercomplexes into their individual complexes (lower panels). For mass calibration, digitonin-solubilized bovine heart mitochondria were used: individual complexes I to V (130 to 1,000 kDa) and supercomplexes a to e (I 1 III 2 IV 0-4 ; 1,500 to 2,300 kDa). Additionally, 31 subunits of all five OXPHOS complexes separated in 2D BN-SDS-PAGE (A) were verified by MALDI-MS, which are marked in detail in Fig. 2 for the sake of clarity. The OXPHOS supercomplexes were assigned according to their subunit compositions and apparent molecular masses. Besides ATP synthase monomers and dimers (V 1 and V 2 ), the individual respiratory complexes I to IV as well as the respiratory supercomplexes I x III y IV z , I 1 III 2 , I 1 IV 1 , III 2 IV 2 , III 2 IV 1 , and IV 2 are indicated. Additionally, a subunit of complex IV (spot 43; Table 1 ) in the 2D SDS-PAGE (A) as well as the separated complex IV monomers, complex III dimers, and complex I monomers, which constitute the supercomplexes IV 2 , III 2 IV 1 , III 2 IV 2 , I 1 IV 1 , and I x III y IV z, in the 2D BN-PAGE (A and B) are marked by arrowheads. Note that supercomplexes I 1 IV 1 and III 2 IV 2 have very similar apparent masses. Similarly, the mobility of dimeric complex IV (IV 2 ) is only slightly higher than that of complex III.
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probably due to boundary lipids (45), known to be important for the stability and function of complex III (51) . Similarly, the mobilities of individual monomeric complex IV (IV 1 ) and its dimers (IV 2 ) were slightly reduced compared to those of bovine heart, likewise due to tightly bound lipids (73) , apparently removed by solubilization with Triton X-100 and DDM (see below). Although at a slightly reduced resolution, the proportion of preserved supercomplexes could be enhanced with the gentler CN-PAGE method (Fig. 1B) as seen in other organisms (45, 46, 48) .
Identification of protein complexes from wild-type mitochondria by MALDI-TOF-MS. Overall, 2D BN-SDS-PAGE of mitochondrial detergent extracts followed by MALDI-TOF-MS enables a mitoproteome analysis of protein complexes (11, 40, 46, 64) . Importantly, the simultaneous separation of various protein complexes (11, 40, 46, 64) , particularly if most of the complexes are already known, mutually supports their physiological significance, arguing against artificial aggregation (64) .
Through MALDI-TOF-MS analysis, 67 different proteins were identified, among which 31 subunits are components of the five OXPHOS complexes, in either individual complexes or supercomplexes. Interestingly, a protein spot that could only be detected as a subunit of the ATP synthase dimer but not of the monomer was identified as subunit g (Fig. 2, spot 35) , which is also known to be dimer specific in yeast (4) . This suggests a close structural relationship between yeast and filamentous fungal ATP synthase dimerization.
The 36 non-OXPHOS proteins identified represent a variety of functions, such as metabolic pathways, chaperones, and transporters, of which most are constituents of known complexes. Two such examples are the pyruvate dehydrogenase complex (ϳ8,000 to 10,000 kDa) and the ketoglutarate dehydrogenase complex (ϳ2,800 kDa), both mitochondrial multienzyme assemblies, as well as their subcomplexes, which have also been identified in mammalian mitochondria (40, 64, 69) . The mitochondrial import receptor Tom40 (Fig. 2, spot 42 ) was also identified as a subunit of the TOM holo or core complex (2, 63, 75, 76, 82) and found to comigrate with monomeric complex IV and heterooligomeric NAD ϩ -dependent isocitrate dehydrogenase (Fig. 2 , spots 40 and 41). Tom40 is the main component of the TOM complex and essential for viability of N. crassa (2, 82) .
In the chaperone category we found the heat shock protein 60 (Hsp60) (Fig. 2 , spot 36), which is required for the assembly of proteins into oligomeric complexes and for the stabilization of preexisting proteins under stress conditions (14, 41) . The apparent mass in the first dimension was ϳ650 kDa, suggesting a tetradecameric assembly built by two stacked rings of seven monomers each, in contrast to the mammalian Hsp60 complex, which displays an apparent size of ϳ420 kDa in BN gels (64) . Another group of chaperones are the highly conserved prohibitins, which stabilize newly synthesized subunits of mitochondrial respiratory chain complexes (9, 57) . The prohibitin complex (apparent mass of 1,200 kDa), comprising the two homologues Phb1 (Fig. 2 , spot 8) and Phb2 (Fig. 2, spot 7) , was detected as it has been for yeast (57) , plant (38) , nematode (5), and mammalian (57, 64) mitochondria. Additionally, we also observed that Ն50% of the prohibitins migrated as an even heavier complex with a molecular mass greater than 2,500 kDa. This large complex was visualized in BN gels of digitoninsolubilized yeast mitochondria and assigned as a supercomplex of the prohibitin complex with the m-AAA protease (81), which was previously detected by coimmunoprecipitation and gel filtration analysis (78) . In fact, the only Neurospora homologue of the two yeast m-AAA protease subunits, MAP-1 (44), was found comigrating with this heavier prohibitin complex (Fig. 2 , spot 2) and displayed the same band shape, which strongly suggests that this low-mobility species is a prohibitin/ MAP-1 supercomplex.
In the inner mitochondrial membrane there are two AAA proteases, which form independent oligomeric complexes involved in quality control by degrading misfolded membrane proteins. The m-AAA protease (MAP-1) has its catalytic site facing the matrix, whereas that of the i-AAA protease is exposed to the mitochondrial intermembrane space. The activity of the m-AAA protease is modulated by the prohibitin complex, as suggested by their physical interaction (78, 81) . The N. crassa homologue of the i-AAA protease, IAP-1 (Fig. 2, spot  3) , was identified for the first time in a putative supercomplex with an apparent molecular mass of ϳ4,000 to 6,000 kDa, much higher than that reported based on gel filtration (44). Supporting its high-molecular-weight organization, we identified a comigrating protein homologous to the human stomatinlike 2 protein (Fig. 2, spot 6 ), a mitochondrial inner membrane polypeptide (16) with an apparent mass of ϳ1,800 kDa (64) which is widely expressed in different mammalian tissues (59, 92) . Recently, an interaction of stomatin-like 2 protein with mitofusin 2 in HeLa cells was found by coimmunoprecipitation (36) . As such, and based on their mobility in BN-PAGE, we suggest that IAP-1 and stomatin-like 2 protein form a large supercomplex in the inner membrane of N. crassa mitochondria.
Other interesting protein complexes ( Fig. 2; Table 1 ), of which some are putative novel ones, will be described elsewhere.
Putative complex I dimers in N. crassa wild-type mitochondria. To complement the analysis of OXPHOS supercomplexes, we utilized the less-mild detergents Triton X-100 and DDM for solubilization of wild-type mitochondria; these are known to disrupt OXPHOS supercomplexes and other mitochondrial protein complexes more easily than digitonin (43, 46, 67) . Interestingly, using either Triton X-100 or DDM at a detergent/protein ratio of 1.5 g/g, minor amounts of low-mobility species of complex I were observed, presumably containing no additional proteins (Fig. 3A and B) , which was further supported by 2D BN/BN-PAGE (Fig. 3C) . Its apparent molecular mass (ϳ1,900 kDa) was consistent with that of the dimeric complex I previously detected in COX-deficient strains of P. anserina (45) . An increase of the detergent/protein ratio to 3 g/g resulted in the dissociation of the putative complex I dimers and the ATP synthase dimers into the respective monomers (not shown). In addition, ATP synthase monomers (complex V) migrate a little faster (Fig. 3A) or at the same position as complex III (Fig. 3B) when solubilized with Triton X-100 or DDM, respectively. Likewise, complex IV monomers migrated with higher mobility than those obtained upon digitonin solubilization (Fig. 1A, see above) .
Comparative analysis of the OXPHOS system from eight complex I mutants by in-gel activity assays after BN-PAGE. The availability of a nearly complete set of N. crassa complex I mutants (55, 89) offers a unique opportunity to investigate not only the assembly process of complex I but also its role in the formation of OXPHOS supercomplexes. We selected eight deletion mutants (nuo9.8, nuo11.5, nuo14, nuo20.8, nuo21, nuo29.9, nuo30.4, and nuo51), representing the whole range of the various reported defects in complex I biogenesis. Their mitochondrial detergent extracts were analyzed in the same manner as those of the wild type through native gel electrophoresis. The mutants nuo21, nuo29.9, and nuo51 are able to assemble an intact complex I lacking the respective peripheral arm subunit, although the nuo29.9 mutant assembles reduced amounts (approximately 20%) of complex I (23, 28, 29, 87) . The fourth peripheral arm mutant used in this study, nuo30.4, cannot assemble a peripheral arm and accumulates membrane arm intermediates (22) . The other four mutants investigated (nuo9.8, nuo11.5, nuo14, and nuo20.8) each lack a membrane arm subunit of complex I and are able to assemble the peripheral arm and fragments of the membrane arm (17, 54, 55) .
For direct comparison of the OXPHOS system in the wild type and the eight mutants, their digitonin-solubilized mitochondrial proteins were separated by BN-PAGE and probed for in-gel activity of NADH dehydrogenase (complex I), cytochrome c oxidase (complex IV), ATP hydrolase (complex V), and succinate dehydrogenase (complex II), giving a qualitative indication of these four OXPHOS complexes (Fig. 4) . The NADH dehydrogenase (NADH-DH) bands attributed to complex I were assigned by comparative gels tested for deamino-NADH dehydrogenase activity specific for complex I (not shown). The specificity of cytochrome c oxidase activity of complex IV was confirmed by inhibition with cyanide in parallel experiments (not shown).
All nine strains contained similar amounts of complex V (ATP synthase) in about an equal proportion (ϳ50%) of monomers and dimers (Fig. 4C) , as well as of active complex IV monomers (Fig. 4B ) and complex II (Fig. 4D) . Furthermore, in all strains two prominent low-molecular-weight bands with NADH-DH activity were visualized which were not detected in bovine heart mitochondria. Additionally, these two bands were almost undetectable when deamino-NADH was used instead of NADH, suggesting that they may correspond either to alternative NADH dehydrogenases or to non-OXPHOS enzymes (Fig. 4A ). The differences in the staining intensities are partially due to deviations in the loaded amounts.
In the wild type, the in-gel NADH-DH activity staining revealed bands corresponding to individual complex I as well as to its supercomplexes with complex III and IV, like I 1 III 2 , I 1 IV 1 , and I 1 III 2 IV X (Fig. 4A) . In addition, monomeric complex IV, its dimer (IV 2 ), and the smaller supercomplexes III 2 IV 1 and III 2 IV 2 , as well as complex I supercomplexes con- taining one or more copies of complex IV, displayed cyanidesensitive COX activity in the wild type (Fig. 4B) . The same pattern of active supercomplexes containing complexes I and/or IV found in the wild type was also detected in the mutant nuo21 ( Fig. 4A and B) , indicating that the loss of the 21-kDa subunit does not impair the formation and stability of III-IV and I-III-IV supercomplexes. In contrast, the nuo51 mutant displayed no complex I NADH-DH activity (Fig. 4A) but rather a wild-type-like pattern of high-molecular-weight species with COX activity (Fig.  4B) , suggesting that these active bands correspond to the III-IV and I-III-IV supercomplexes observed in the wild-type and mutant nuo21 strains. In fact, this mutant strain does not possess any rotenone-sensitive NADH:ubiquinone oxidoreductase activity of complex I, due to the absence of the highly conserved 51-kDa subunit that binds NADH (28) .
The mutant nuo29.9 showed no NADH-DH activity related to complex I, possibly due to assay sensitivity (Fig. 4A) . Moreso, hardly detectable high-molecular-weight COX bands at the positions of the wild-type I-III-IV supercomplexes were noticed, whereas the bands of the small supercomplexes III 2 IV 1 and III 2 IV 2 were clearly identified after COX activity staining (Fig. 4B) .
Strikingly, the four membrane arm mutant strains, nuo9.8, nuo11.5, nuo14, and nuo20.8, displayed a specific single band with both NADH-DH and deamino-NADH-DH activities with an apparent molecular mass of ϳ450 kDa that seemingly corresponded to the peripheral arm domain (Fig. 4A) . Accordingly, the NADH-DH activity 450-kDa band could not be detected in either the nuo30.4 mutant or the wild-type and nuo21 strains (Fig. 4A) . The four membrane arm mutants displayed both monomeric complex IV and high-molecular-weight complexes with cyanide-sensitive COX activity which corresponded to IV 2 , III 2 IV 1 , and III 2 IV 2 as found in the other strains and, in addition, some weakly stained bands with an apparent mass comparable to those of the wild-type complex I supercomplexes (Fig. 4D) . Overall, the absence of an assembled complex I does not influence the assembly of the other four OXPHOS complexes.
Respiratory supercomplexes are assembled even with an inactive complex I. We further investigated the supramolecular organization of the OXPHOS complexes in the mutants nuo21, nuo29.9, and nuo51 by 2D BN-SDS-PAGE. Supporting the results obtained by the in-gel activity assays (Fig. 4) , the second-dimension gels of nuo21 (Fig. 5A) and nuo 51 (Fig. 5B ) mitochondria revealed a wild-type-like distribution of individual OXPHOS complexes and supercomplexes, in particular III 2 IV 1 , III 2 IV 2 , and I-III-IV supercomplexes .   FIG. 4 . In-gel activity assays of NADH dehydrogenase, cytochrome c oxidase, ATP hydrolase, and succinate dehydrogenase. BN-PAGE of digitonin-solubilized mitochondria from bovine heart (BHM) as a control, N. crassa wild type (wt), and eight complex I deletion mutants (nuo9.8, nuo11.5, nuo14, nuo20.8, nuo21, nuo29.9, nuo30.4, and nuo51). (A) NADH dehydrogenase (purple bands), reactive bands of wt and nuo21 corresponding to complex I are marked by red bars, and the red box indicates the active band of the peripheral arm of complex I from the four membrane arm mutants. (B to D) Cytochrome c oxidase (brown-yellowish bands) (B), ATP hydrolase (black-white bands) (C), and succinate dehydrogenase (purple band) (C). In all panels, some OXPHOS complexes and supercomplexes, like a to e (I 1 III 2 IV 0-4 ) of bovine heart mitochondria, are marked on the left side.
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The wild-type-like I-III-IV supercomplexes in the nuo51 mutant are the first examples of respirasomes without overall enzymatic activity (NADH oxidase, I-III-IV) only able to oxidize ubiquinol by molecular oxygen (ubiquinol oxidase, III-IV). This finding is the first direct demonstration that the assembly of the complexes I, III, and IV into a supercomplex is independent of complex I activity and does not represent a transient-like interaction required for efficient electron transfer from complex I to III. In fact, the biogenesis of supercomplexes is an elaborate and energy-consuming process, and complexes III and IV of these "inactive respirasomes" rely on alternative NADH dehydrogenases or FADH 2 -linked enzymes to deliver electrons to ubiquinol to be operable. Taken together, these results suggest that it is conceivable that III-IV supercomplexes play a role in the assembly/stability of complex I.
High-molecular-mass species of the 30.4-kDa subunit comigrating with III-IV supercomplexes and the prohibitin complex in the membrane arm mutants. To achieve a sensitive detection of any complex I species in mutants nuo9.8, nuo11.5, nuo14, nuo20.8, nuo30.4, and nuo29.9, we used immunoblots of 2D BN-SDS gels from digitonin-solubilized mitochondria probed with a set of polyclonal antibodies each raised against a particular subunit of complex I from N. crassa. We used antibodies against the 30.4-kDa subunit of the peripheral arm and either the 9.8-kDa, the 11.5-kDa, the 14-kDa, or the 20.8-kDa subunits of the membrane arm. In particular, the screening for the 30.4-kDa subunit was performed due to its crucial role in the assembly of the peripheral arm and thus of intact complex I (22, 86, 90) .
In wild-type mitochondria, the corresponding subunits of individual complex I as well as its supercomplexes were decorated with the four employed antibodies, indicating the presence of fully assembled complex I (Fig. 6A, lower panel) . Note that the 30.4-kDa subunit of individual complex I was also identified by MALDI-TOF-MS ( Fig. 2 and Table 1 ). The only other significant signals arose from a cross-reaction with the ␤-subunit of both monomeric and dimeric ATP synthase (complex V), which could actually be used as a helpful marker to align the blots with parallel silver-stained 2D SDS gels (Fig. 6A to F) and 1D BN gels probed for in-gel COX activity (Fig. 6D to F, upper panels) . The corresponding immunoblot of nuo29.9 mitochondria (Fig. 6B , lower panel) displayed a result similar to that of the wild type (Fig. 6A,  lower panel) . This corroborates the presence of low amounts of assembled complex I separated as individual complex I and its supercomplexes also detected in silver-stained 2D gels (Fig. 6B,  lower panel) . Notably, the signal of the 30.4-kDa subunit was rather weak, since this protein, located in close vicinity to the 29.9-kDa subunit, is strongly reduced in the mutant nuo29.9 (87) . No subcomplexes of complex I could be immunodetected, indicating that in the nuo29.9 mutant essentially all of the assembled peripheral arm joins with the membrane arm, occurring in surplus quantity, to form "complete" complex I. Additionally, it is likely that the excess hydrophobic membrane arm forms low-mobility membrane aggregates that contribute to the immunosignals in Fig. 6B (see below) . Table 1 ), complex III (spot 24 in Table 1 ), complex IV (spot 43 in Table 1 ), and complex V (spot 22 in Table 1 ) are indicated as described for Fig. 2 .
2400
MARQUES ET AL. EUKARYOT. CELL
In the nuo30.4 mutant, a smear-like panel of high-molecular-mass species of the 20.8-kDa subunit was immunodetected (Fig. 6C, lower panel) , where the most intense ones were near the top of the first-dimension gel. Such high-molecular-weight species of membrane subunits were previously observed after density gradient centrifugation of Triton X-100 extracts from mitochondria of peripheral arm mutants like nuo30.4 (22) , but also from nuo29.9 (87) , which generates a surplus of the membrane assembly intermediate (84) as mentioned above. Most probably, the largest 20.8-kDa species represented unspecific aggregates of partially assembled hydrophobic membrane subunits, as previously suggested (22, 23) . However, it cannot be ruled out that there might be assembly intermediates of the membrane arm bound to "assembly factors" among those highmolecular-weight species.
The 2D BN-SDS gels and the corresponding representative immunoblots of the investigated membrane arm mutants were remarkably consistent. In particular, the membrane arm mutants nuo11.5 (Fig. 6D), nuo14 (Fig. 6E ), nuo20.8 (Fig. 6F) , and nuo9.8 (not shown) revealed essentially the same pattern for the 30.4-kDa subunit, as parts of complexes with apparent masses from ϳ50 kDa to at least 1,500 kDa. The 450-kDa subcomplex detected by in-gel NADH-DH staining (Fig. 4A) represented the peripheral arm, whose constituents, like the 78-kDa, 49-kDa, and 40-kDa subunits, were discernible as weakly stained spots in the 2D BN-SDS gels (Fig. 6D to F) . The peripheral arm could also be separated by BN-PAGE of membrane arm mutants after solubilization with DDM (53) . Due to tiny amounts of assembled peripheral arm in the mutant nuo11.5, no peripheral arm could be detected in the first report, in which we used less-sensitive approaches (55) . It is unlikely that the subcomplexes smaller than the peripheral arm originate from the breakdown of the assembled peripheral arm induced by the experimental conditions. In fact, their mobilities correspond to assembly intermediates of the 30-kDa subunit (the mammalian homologue of the 30.4-kDa subunit) and/or the free 30-kDa subunit found in human mitochondria, which appears to represent an early indispensable assembly step of the peripheral arm (86, 90) . Due to the fact that the 30.4-kDa subunit was separated to a large extent as part of high-mobility species, it is unlikely that the distinct low-mobility species of the rather hydrophilic 30.4-kDa subunit arose from any aberrant aggregation triggered by the experimental conditions or in vivo. Indeed, these immunosignals represent distinct high-molecular-weight complexes which comigrated with the supercomplexes IV 2 , III 2 IV 1 , and III 2 IV 2 and the prohibitin complex with apparent masses of ϳ550 up to ϳ1,250 kDa, as indicated in Fig. 6D to F. In nuo14 and nuo20.8 mutants, even larger complexes up to about 2,000 kDa of the 30.4-kDa subunit were found comigrating with III-IV supercomplexes which display COX in-gel activity ( Fig.  6E and F) . Taken together, these high-molecular-weight complexes seem to be assembly intermediates of the peripheral arm which likely function in assisting the biogenesis of the peripheral arm and/or the whole complex I. Nonetheless, the comigration of proteins in the first-dimension BN-PAGE with consistent band shapes in the second-dimension SDS gel is a necessary precondition to propose an interaction between them (46, 72) and, thus, III-IV supercomplexes and/or the prohibitin complex, respectively, are conceivable constituents of the various large 30.4-kDa species. If subcomplexes of complex I containing the 30.4-kDa subunit were actually bound to the supercomplexes IV 2 , III 2 IV 1 , and III 2 IV 2 , it would follow that these subcomplexes are indeed rather small, well below the size of the peripheral arm, since no major migration shift of the supercomplexes III 2 IV 1 and III 2 IV 2 was recognized in the first-dimension BN gel.
DISCUSSION
Mammalian-like respiratory I-III-IV supercomplexes and complex I dimers in N. crassa mitochondria. Herein we report the first extensive survey of the OXPHOS system in the N. crassa wild type and a representative set of complex I deletion mutants displaying a variety of complex I assembly defects. In particular, we detected complexes I, III, and IV associated in mammalian-like supercomplexes in both the wild type and nuo21, nuo29.9, and nuo51 mutants, as previously reported in wild-type mitochondria of the fungus P. anserina (45) . In addition, we could detect the digitonin-stable supercomplex I 1 IV 1 comigrating with ATP synthase dimers (Fig. 1A) , which was not previously identified in Podospora mitochondria (45) .
This indicates a direct complex I-IV interaction, demonstrated to occur in bovine heart mitochondria by native electrophoresis (48, 67) and in particular by a 2D (66) and 3D projection map of a single particle structure of the bovine heart supercomplex I 1 III 2 IV 1 (66a). Furthermore, the I-III-IV supercomplexes ( Fig. 1A) with apparent masses higher than 2,300 kDa and up to Ն3,000 kDa seem to be larger fragments of a respirasome network of complexes I, III, and IV, as proposed for bovine heart (67, 68, 70, 95) , and possibly composed of I 1 III 2 IV [5] [6] . Such stoichiometries could arise from the breakdown of two copies of supercomplex I 1 III 2 IV 4 or else from one copy each of supercomplexes I 1 III 2 IV 4 and III 2 IV 4 , which could be connected by a direct interaction between adjacent complex IV dimers (70, 95) . Indeed, similar supercomplexes with masses up to about 3,300 kDa have been observed in 2D BN-SDS gels of digitonin-solubilized mitochondria isolated from fresh bovine heart (40, 46, 48) . Taken together, these results indicate a very similar respirasome organization in fungi and mammals. Moreover, when disrupting all I-III-IV supercomplexes upon solubilization with either Triton X-100 or DDM, we found evidence for the existence of complex I dimers (I 2 ) in the respiratory chain of N. crassa wild type (Fig. 3) as well as in the nuo21, nuo29.9, and nuo51 mutants (not shown). It is likely that small amounts of complex I dimers are also stable upon digitonin solubilization, although their identification may be hampered due to comigration with I-III-IV supercomplexes during BN-PAGE. In fact, complex I dimers as well as the larger supercomplex I 2 III 2 were found in BN gels of digitonin-solubilized mitochondria of COX-deficient Podospora strains (45) . It is possible that the presence of complex I dimers occurs only when alternative respiratory enzymes are present in the organism, hence the reason why they have not been detected so far in mammalian mitochondria. Whereas AOX as well as the alternative NADH dehydrogenases were found to be constitutively expressed and active in wild-type P. anserina (34) , there is no evidence for any AOX respiration in the wild type of N. crassa under normal growth conditions (20, 80) . Therefore, we propose that the occurrence of dimeric complex I is a general feature of the respiratory chain in N. crassa.
III-IV supercomplexes are formed without the presence of assembled complex I. Our results demonstrate that complex I in N. crassa is not essential for assembly/stabilization of the other OXPHOS complexes or for assembly/stabilization of III-IV supercomplexes and ATP synthase dimers (Fig. 6) . On the other hand, analysis of the three mutants that assemble complex I indicates that the biogenesis of complex I is obligatorily linked with its assembly into supercomplexes. Furthermore, we demonstrated that neither the 21-kDa, 29.9-kDa, nor 51-kDa peripheral arm subunit plays a pivotal role in the physical interaction of complex I with complexes III and IV, suggesting that the binding interfaces are predominantly provided by the membrane arm, in accordance with structural data of the bovine heart supercomplex I 1 III 2 IV 1 (66, 66a) , and/or by other peripheral arm subunits. Mitochondria of the nuo21 and nuo51 mutants have wild-type-like amounts of assembled complex I as part of supercomplexes, which results in a similar distribution of individual complex I and its supercomplexes (I-III-IV and I 2 ) after solubilization with digitonin (Fig. 5 ) or either Triton X-100 or DDM, respectively. Strikingly, while complex I in nuo21 is enzymatically active, the complex I of nuo51 lacks the highly conserved 51-kDa subunit hosting the NADH-binding site and has therefore no respiratory activity. This is the first direct demonstration that the incorporation of complex I into supercomplexes as part of a proposed supramolecular network has major nonrespiratory significance and cannot be solely related to conceivable enzymatic advantages, like substrate channeling. Furthermore, the nuo29.9 mutant can assemble only low amounts of complex I, about 20% of that of the wild type (23, 87) , which is nonetheless incorporated into supercomplexes as in wild-type, nuo21, and nuo51 strains (Fig.  6B) . Altogether, the results from nuo21, nuo29.9, and nuo51 imply that III-IV supercomplexes "trap" essentially all complex I, even when complex I is inactive. This may occur either after initial formation or at the early stages of complex I biogenesis, suggesting that III-IV supercomplexes could be involved in assembly/stabilization of complex I. The situation in COXdeficient mutants of P. anserina possessing I-III supercomplexes is different from that of the nuo51 mutant (45) . Indeed, this suggests the assembly/stabilization of complex I as a key function of complex III in Podospora, but complex III is active, although it does not contribute to respiration (45) . Evidence for a role of either complex III or IV in the assembly of complex I has also been described in human patients and mammals (1, 7, 18, 21, 56, 71) as well as in bacteria (79) .
III-IV supercomplexes and/or the prohibitin complex might serve as assembly factors for complex I. Herein we have provided direct evidence that high-molecular-weight complexes bind subcomplexes of the peripheral arm containing at least the 30.4-kDa subunit (Fig. 6) , as shown in Western blots of 2D BN-SDS gels of digitonin-solubilized mitochondria from the four membrane arm mutants nuo9.8, nuo11.5, nuo14, and nuo20.8. These subcomplexes were found to be comigrating with III-IV supercomplexes and/or the prohibitin complex, thus pointing to them as putative candidates for interaction partners. This is in line with the above discussion on mutants forming complex I. In fact, an interaction of the prohibitin complex with a subcomplex of complex I, containing at least the 23-, 30-, and 49-kDa subunits, has been demonstrated by coimmunoprecipitation in human cells missing mitochondriaencoded membrane subunits, similar to what we observed in the four membrane arm mutants (9) . The prohibitin complex ( Fig. 2 ; Table 1 ) can interact with subunits of respiratory complexes; thus, it probably has a chaperone-like function (9, 57) . In addition, the interaction of both the human 30-kDa (homologous to the 30.4-kDa subunit) and 49-kDa subunits has been proposed as the first assembly step towards the peripheral arm (86) . These results were corroborated in a very recent study which traced complex I assembly in human cell culture by using a green fluorescent protein-tagged 30-kDa subunit (90) . The poorly understood biogenesis of complex I, the largest and most complicated respiratory enzyme, is probably assisted by many proteins and/or protein complexes, of which only a few are known to date (25, 50, 58, 91) . In particular, there are two proteins that transient interact with two membrane arm intermediates which are essential for assembly of the membrane arm in N. crassa (50) . Of these, a human homologue appears to have a corresponding role in assembly/stabilization of complex I (25, 91) .
In summary, the present survey demonstrates the importance of III-IV supercomplexes in assembly/stabilization of complex I, highlighting the unique potential of the comprehensive set of Neurospora complex I deletion mutants to decipher the biogenesis of complex I.
